Disease is often considered a key threat to species of conservation significance. For some, it has resulted in localised extinctions and declines in range and abundance. However, for some species, the assertion that a disease poses a significant threat of extinction is based solely on correlative or anecdotal evidence, often inferred from individual clinical case reports. While a species' susceptibility to a disease may be demonstrated in a number of individuals, investigations rarely extend to measuring the impact of disease at the population level and its contribution, if any, to population declines. The eastern quoll (Dasyurus viverrinus) is a medium-sized Australian marsupial carnivore that is undergoing severe and rapid decline in Tasmania, its last refuge. Reasons for the decline are currently not understood. Feral cats (Felis catus) may be undergoing competitive release following the ongoing decline of the Tasmanian devil (Sarcophilus harrisii), with cats suppressing eastern quolls through increased predation, competition, exclusion or exposure to diseases such as toxoplasmosis. To investigate the effects of Toxoplasma gondii infection, eastern quoll populations at four sites were regularly screened for the seroprevalence of T. gondii-specific IgG antibodies. Seroprevalence was approximately five times higher at sites with declining quoll populations, and there was a negative association between seroprevalence and quoll abundance. However, T. gondii infection did not reduce quoll survival or reproduction. Despite a high susceptibility to T. gondii infection, eastern quoll populations do not appear to be limited by the parasite or its resultant disease. Significantly higher seroprevalence is a signal of greater exposure to feral cats at sites where eastern quolls are declining, suggesting that increased predation, competition or exclusion by feral cats may be precipitating population declines.
Introduction
Pathogens, parasites and their associated diseases can have significant negative impacts on wildlife populations, causing reduced abundance (Muths et al., 2003; Leroy et al., 2004; Hawkins et al., 2006) , range (van Riper et al., 1986; Scott, 1988) or even extinction of populations (Thorne and Williams, 1988; Cunningham and Daszak, 1998; Blaustein et al., 2012) . Deterministic extinction may result where disease holds mortality rates above replacement rates (Satō et al., 1994; Jones et al., 2008) . Alternatively, disease may suppress fecundity, growth rates or population size, thereby increasing vulnerability to extinction through demographic stochasticity or Allee effects (Caughley, 1994; McCallum, 1994; Lafferty and Gerber, 2002; De Castro and Bolker, 2005) . Emerging infectious diseases and 'spill-overs' from reservoir animal populations to sympatric wildlife species have increased in recent decades (Daszak et al., 1999; Daszak et al., 2000; Hawkins et al., 2006; Rhyan and Spraker, 2010) and are recognised as a key threatening process for many species. However, while infectious disease has been considered among the top five causes of species extinction in the United States (Wilcove et al., 1998) , it is thought to have contributed to less than 4% of species extinctions worldwide since 1500 (Smith et al., 2006) . For some of these species, the role of disease in decline or extinction is inferred solely from correlative or anecdotal evidence Walsh et al., 2003; Abbott, 2006; Smith et al., 2006; Smith et al., 2008; Wyatt et al., 2008) .
To determine the effects of a disease in natural populations, the relationship of disease to survival or fecundity should be established (McCallum and Dobson, 1995) . While individual clinical case studies may demonstrate a species' susceptibility to a disease (e.g. Canfield and Cunningham, 1993; Blanchard et al., 2001; Sleeman et al., 2009; Eleni et al., 2014; Howe et al., 2014) , correlation between the prevalence of disease or pathogen and population decline does not establish causality. known to infect lions (Panthera leo) in the Serengeti, but only one, canine distemper virus, clearly decreases lion abundance (Packer et al., 1999) . Even the presence of a pathogen or parasite in a dying or dead animal provides only circumstantial evidence without demonstrating cause of death (McCallum, 1994) . In some declining populations, equilibrium prevalence of a benign infection may be high, while some other factor is responsible for the deaths (McCallum and Dobson, 1995) . However, many studies do not progress beyond establishing the prevalence of a disease or pathogen in a host population (Gauthier-Clerc et al., 2002; Cabello et al., 2013; Chadwick et al., 2013; Cross et al., 2013) .
The eastern quoll is a medium-sized Australian marsupial carnivore that is presumed extinct on the Australian mainland, and survives only on the island of Tasmania (McKnight, 2008) . Numbers in Tasmania are declining rapidly, with statewide declines of more than 50% in the 10 years to 2009 (Fancourt et al., 2013) . Population declines are continuing with no sign of recovery (B. Fancourt, unpublished data) . The cause(s) of the decline are not currently known. The Tasmanian devil is also in steep decline, due to the spread of the fatal Devil Facial Tumour Disease (DFTD) (Hawkins et al., 2006) . Devil declines may allow mesopredators such as feral cats to increase in abundance, possibly leading to suppression of eastern quoll populations through increased predation, competition, exclusion or exposure to diseases such as toxoplasmosis.
Toxoplasma gondii is an intracellular coccidian microparasite with a worldwide distribution (Hill et al., 2005; Dubey, 2010) . Infection by T. gondii can result in overt clinical disease Innes, 1997; Dubey, 2010) , with fatalities observed in many wildlife species (Work et al., 2000; Szabo et al., 2004; Jokelainen and Nylund, 2012; Howe et al., 2014) . Some Australian marsupials are especially susceptible to toxoplasmosis (Obendorf and Munday, 1983; Canfield et al., 1990; Innes, 1997; Bettiol et al., 2000) . In Australia, feral, stray and domestic cats are the only definitive host that can excrete the environmentally persistent oocysts that are the major source of infection for many intermediate hosts . For around 1 week following infection, cats shed millions of oocysts in their faeces (Hutchison, 1965; Dubey et al., 1970; Frenkel et al., 1970; Miller et al., 1972; Lukešová and Literák, 1998) , which can remain infective in the environment for at least 18 months under optimal climatic conditions (Yilmaz and Hopkins, 1972; Frenkel et al., 1975) . Potential intermediate hosts of T. gondii include all birds and mammals, which typically acquire the parasite through eating food, soil or water contaminated with the parasite (Miller et al., 1972; Attwood et al., 1975; Aramini et al., 1999; Hill and Dubey, 2002) . Once eaten, the sporozoites excyst and rapidly multiply as tachyzoites (Frenkel, 1973) , leading to clinical toxoplasmosis in some hosts. Acutely infected individuals may exhibit a range of clinical signs or symptoms, including lymphadenopathy, anorexia, lethargy, incoordination, apparent blindness, disorientation, ataxia, dyspnea, icterus, fever, abortion or death (Desmonts and Couvreur, 1974; Attwood et al., 1975; Tenter et al., 2000; Hill and Dubey, 2002; Burns et al., 2003; Pereira-Bueno et al., 2004; Dubey, 2010) , although pathogenicity and clinical signs vary between individuals and species. However, many immunocompetent individuals remain subclinical Hill and Dubey, 2002) . For individuals that survive acute infection, bradyzoites form latent tissue cysts predominantly in the neural and muscular tissues (Attwood et al., 1975; Dubey and Frenkel, 1976; Canfield et al., 1990) . Tissue cysts rarely cause harm and remain in situ for the life of the host (Ekanayake et al., 2004; Eymann et al., 2006) , although latent infection has been associated with increases in certain risky behaviours in some species (Hay et al., 1984; Webster et al., 1994; Berdoy et al., 2000; Vyas et al., 2007) . While infection is commonly acquired through the faecal-oral route, many intermediate host species can transmit the parasite through eating infected animal tissues (Attwood et al., 1975; Burns et al., 2003) , sexually (Arantes et al., 2009; de Moraes et al., 2010; Santana et al., 2013) or congenitally (Beverley, 1959; Parameswaran et al., 2009) .
The hypothesis that toxoplasmosis is contributing to declines of the eastern quoll is plausible for several reasons. First, many aspects of eastern quoll ecology, such as foraging for grounddwelling invertebrates and scavenging carrion, increases the likelihood of exposure to infective T. gondii oocysts and tissue cysts. Second, disease has been implicated in the demise of the eastern quoll on the mainland and in a sudden decline in thylacine, devil and quoll populations in Tasmania in the early 1900s (Wood Jones, 1923; Guiler, 1961; Green, 1967; Peacock and Abbott, submitted for publication), with some proposing toxoplasmosis as a candidate disease (Cross, 1990; Freeland, 1993; Recher et al., 1993) . Third, while feral cats have been in Tasmania for over 200 years (Abbott, 2002) with no obvious negative effect on eastern quoll populations, several stressors such as drought or habitat loss over recent years may have triggered recrudescence of any latent infections into overt disease. However, despite toxoplasmosis posing a significant threat to some Tasmanian mammals (Obendorf and Munday, 1983; Skerratt et al., 1997; Bettiol, 2000) and a high prevalence of T. gondii infection in feral cats throughout Tasmania (Fancourt and Jackson, In review) , there has been no research investigating the prevalence of T. gondii in eastern quolls, nor its effect on population dynamics.
In this study, we address the following four questions. First, is seroprevalence of T. gondii associated with population decline of eastern quolls? To answer this, seroprevalence of T. gondii-specific IgG antibodies was compared between sites with declining quoll populations and a site with a non-declining population. Individual quolls were screened for clinical signs indicating clinical toxoplasmosis. Seroprevalence was also regressed against quoll captures within a site to identify any negative correlation between seroprevalence and quoll abundance. Second, does survival differ between seropositive and seronegative quolls? We compared recapture data and survival trajectories of seropositive and seronegative individuals within a population. Third, are there indirect effects of T. gondii infection on reproduction? We compared annual production of pouch young in females and testicular volume in males during the mating season for seropositive and seronegative quolls. Fourth, which variables that influence exposure to T. gondii are associated with differences in seroprevalence within and among populations? We investigated if seroprevalence within a population differed by age or sex of quoll, and if seroprevalence among quoll populations differed with estimated seroprevalence in and activity of feral cats.
Materials and methods

Study sites
Eastern quolls were surveyed at four study sites in Tasmania (Fig. 1) . Mean annual rainfall for Cradoc, Judbury and Bruny Island sites ranged from 650 to 740 mm; mean daily minimum and maximum temperatures were 2 and 13°C respectively in winter, and 10 and 22°C in summer. Mean annual rainfall at the Cradle Mountain site was 2830 mm, and mean daily minimum and maximum temperatures were À1 and 5°C respectively in winter, and 4 and 17°C in summer (Australian Bureau of Meteorology 2013 data). Sites were categorised as declining sites (Cradoc and Judbury) or a non-declining site with a high density, stable quoll population (Bruny Island). The population at the Cradle Mountain site fluctuated throughout the study. The population status for each site was determined during a pilot study undertaken in 2010 by comparing current capture rates to historic studies at each site (Fancourt, 2010; Fancourt et al., 2013) .
Quoll surveys, screening and blood sampling
Eastern quolls were surveyed at each site using live capture and release. Sites were surveyed usually every second month from May 2011 to July 2013, although Bruny Island was also surveyed in September 2013 and some prior survey data were available from a pilot study conducted in 2010 at all sites except Judbury. Quolls were captured using standard PVC pipe traps baited with raw lamb heart. All bait was frozen for a minimum of one month at À20°C, then thawed prior to use in traps. This protocol aimed to eliminate the risk of captured quolls acquiring the parasite through eating infected baits (Dubey, 1988; Kotula et al., 1991; Burns et al., 2003) . Samples were collected from individual quolls only on their first capture in each sampling period, and were re-sampled if recaptured in subsequent periods. All captured quolls were examined for signs of clinical toxoplasmosis, such as dyspnea, icterus, hind leg paresis, ataxia, and apparent ophthalmic problems.
Approximately 300 lL of whole blood was collected from the peripheral ear vein of captured quolls and was kept on ice until processed later the same day. Once clotted, blood was centrifuged for at least 5 min and serum frozen at À20°C until processed (within 12 months of collection).
Feral cat surveys and blood sampling
Remote camera surveys were performed to assess feral cat activity at each site. Three replicate surveys were undertaken at each site in February/March 2012, June/July 2012 and December 2012/January 2013, using 20 passive RECONYX™ PC-800 infrared motion detector cameras for a minimum of 21 nights. Each camera was fastened to a tree approximately 1.5 m above the ground, with a muttonbird (Puffinus tenuirostris) oil scent lure positioned 2-3 m in front of each camera. Cameras were programmed to take three pictures in rapid succession following each trigger, with images taken continuously in groups of three until all movement ceased. An infrared flash was used to illuminate images at night. All images were stamped with the time, date, site and camera number.
Blood was collected from 55 feral cats trapped, euthanased and frozen on Bruny Island under control programs conducted by the Tasmanian Parks & Wildlife Service, and from an additional six cats trapped and immediately euthanased at the Judbury study site as part of this study. For 23 of the Bruny Island cats, samples were collected from cats defrosted up to 2 years later. For the Judbury cats and 32 of the Bruny Island cats, blood was collected using cardiac puncture soon after death. All blood samples were processed and stored as outlined in Section 2.2.
Testing for T. gondii IgG antibodies
Serum samples were defrosted and tested for the presence of T. gondii-specific IgG antibodies using a commercial modified agglutination test (MAT) (Toxo-Screen DA, bioMérieux, Marcy-l'Etoile, France). IgG antibodies are usually detectable within 2 weeks of initial infection and remain detectable for the life of the host (Remington et al., 2004; Dubey, 2010) . Accordingly, MAT-derived titres are not indicative of recency of infection or clinical status (Dubey, 2010) but rather an exposure to the parasite at some time at least 2 weeks before sampling. Of the agglutination tests that do not require species-specific reagents, MAT is considered to be the most sensitive for detecting T. gondii specific-IgG antibodies in marsupials (Munday, 1972; Dubey, 2010) . Haemolysis does not interfere with the test, so it can be used with serum, blood plasma or even whole blood (Dubey, 2010) .
Samples were treated with 2-mercaptoethanol to denature any IgM antibodies and suppress any non-specific agglutination (Desmonts and Remington, 1980; Dubey and Desmonts, 1987 ). Each sample was tested at serial fourfold dilutions of 1/16, 1/64 and 1/256 together with positive and negative controls supplied in the MAT kit. A positive reaction was observed when agglutination of toxoplasma formed a mat covering about half of the well base. Titres were expressed as the inverse of the highest dilution at which a positive reaction was observed. A titre of P64 was used for determining a sample as positive for T. gondii infection (Dubey and Desmonts, 1987) .
To validate the results obtained using these protocols, a subsample of sera underwent retesting by the Tasmanian government Animal Health Laboratories. Where longitudinal samples were collected from individual quolls over multiple sampling periods, further validation was obtained by checking that seroconversion occurred only once in each quoll's life, and that seroconversion occurred only in one direction (from seronegative to seropositive).
To validate the reliability of results using blood from frozen cats, 20 samples were collected from cats at the time of death in 2012, and matched to samples from the same cats after the body had been frozen for around 12 months.
Data analysis
All statistical analyses were performed using R (ver. 3.0.1, R Development Core Team, 2013).
Seroprevalence
Quolls were classified as adults by May of the year following birth (when they were 10-11 months old), as both sexes reach sexual maturity by this age (Bryant, 1986) . Seroprevalence was calculated as the proportion of quolls tested in each sampling period that were seropositive. We used a Fisher's exact test to determine if adult seroprevalence at the declining sites was significantly different from that at the non-declining site. As several individual quolls were sampled in multiple periods (but not every quoll in every period), seroprevalence was calculated and compared for each sampling period separately. Any increase in type I error resulting from multiple comparisons was considered unimportant due to the highly significant P-values in every period, and was unavoidable due to the non-independence of individual quolls between sampling periods. Because of the high number of periods with 100% prevalence at the declining sites and the resultant infinite odds ratios in each period, a generalised linear mixed model could not be used for this analysis. Only those sampling periods between May 2011 and July 2013 where both declining and nondeclining sites were sampled were included in the analysis.
To identify whether seroprevalence in juveniles and the rate of seroconversion differed between declining sites and the nondeclining site, seroprevalence was compared and assessed graphically for each annual juvenile cohort (2011 and 2012 emergence), from time of first emergence in November until September of the following year.
To investigate whether increased seroprevalence was correlated with decreased quoll abundance within a site, seroprevalence for each sampling period was regressed against the number of quolls captured in the subsequent survey period (2 months later) as an index of abundance. This analysis was restricted to data from Cradle Mountain as it was the only site where seroprevalence fluctuated throughout the study, enabling the number of captures to be compared at differing levels of seroprevalence in different periods. Seroprevalence for each period was taken as the number of seropositive quolls captured in that period plus the number of quolls known to be seropositive at that time (but not captured in that period) divided by the total number of quolls known to be alive in that period. Eastern quoll capture data were square root transformed to stabilise the variance, and linear regression was used to model seroprevalence against the square root of the number of quolls captured in the subsequent survey period.
Recapture and survival
Data from the Bruny Island site were used to assess recapture likelihood and survivorship. This was the only site with sufficient numbers of both seropositive and seronegative individuals captured in every sampling period, and allowed the effect of serological status to be assessed without involvement of other confounding variables that might be contributing to declines at other sites and that might differ among sites.
The proportion of individuals recaptured was compared between serological groups to identify any effect of serological status on recapture likelihood. All individuals were included in the analysis except those first captured in the final trapping session in September 2013 as there was no possibility of recapture data. Juveniles first captured between November and March each year and not recaptured were also excluded as a high rate of juvenile dispersal is typical in this species soon after first emergence from the den in summer each year (Godsell, 1982; Bryant, 1986) , so failure to recapture these individuals could be due to dispersal rather than death. The proportion of seropositive and seronegative individuals recaptured was compared using a Fisher's exact test.
All individuals first captured between August 2010 and October 2012 were included in the survival analysis, with recapture data up to September 2013 used to assess survival of each individual.
Quolls first captured after October 2012 were excluded due to insufficient time to ascertain robust survival data between first capture and the end of the study in September 2013. Juvenile quolls that were first captured during the period of juvenile emergence and not subsequently recaptured were also excluded. The number of days known to be alive was used as a measure of quoll survival time, and was calculated from the date of birth (estimated from 1 July in the year of birth) to the most recent capture for each quoll. As the ultimate fate of each individual was not known, analysis was performed on censored data, with failure to recapture an individual assumed to be failure to survive at the date of last capture. Mean survival time was compared between seropositive and seronegative quolls using a one-way ANOVA, and Kaplan Meier (KM) survival curves were used to compare the survival of seropositive and seronegative individuals throughout the study period. A logrank test was used to identify differences between KM survival curves, with an average hazard ratio calculated to provide an overall comparison of the two serological groups. To quantify effects of serological status on mean longevity, survival time for the oldest cohort (all quolls born in 2009 or earlier) was compared between serological groups using a one-way ANOVA.
Reproduction
The mean number of pouch young (PY) in July was compared between seropositive and seronegative females using a threeway ANOVA incorporating site and quoll age. Females from all sites and all years were included in the analysis. Only 2 quolls were captured in July in more than one year; data from their second year were excluded. Females at Cradle Mountain bred around 2 months later than other sites in most years, so were assessed in either July or September, depending on when PY first appeared at that site.
Testicular volume (TV) was calculated for each male quoll captured in May (the mating season) using the formula for a prolate spheroid: TV (cm 3 ) = 0.5236 Â TL Â TW 2 (Bailey et al., 1998; Power et al., 2009) . Mean TV was compared between seropositive and seronegative males using a two-way ANOVA incorporating age of quoll at the time of assessment. Males from all years were included in the analysis. Where individual quolls were captured in May in more than one year, data were included only from the first (for seropositive males) or second year (for seronegative males). As the likelihood of infection increases with age (due to increased exposure over time), excluding data from the first capture for seronegative males reduced the likelihood of inadvertently biasing younger males in the seronegative sample set. Males from the Cradle Mountain site were excluded due to an unpredictable delay in breeding at this site in some years, meaning assessment of May TV did not indicate breeding condition in some years. A body condition index (BCI) was calculated for each female and male at the same time reproductive condition was assessed. Body mass was regressed against maximum head width for each sex, and the regression was used to predict body mass from the observed head width for each individual. BCI was calculated for each quoll as the ratio of observed to predicted body mass (Krebs and Singleton, 1993) . BCI was compared between seropositive and seronegative individuals, separately for each sex, using a three-way ANOVA incorporating site and quoll age (females) and a two-way ANOVA incorporating quoll age (males).
Exposure variables
To investigate whether seroprevalence differed between sexes, we used a Fisher's exact test to compare seroprevalence between adult male and female quolls for each sampling period. Only quolls from the non-declining site (Bruny Island) were used in this analysis as it was the only site with both seropositive and seronegative individuals of both sexes in most periods.
To determine if T. gondii infection was affected by quoll age, we used a generalised linear mixed model (GLMM) fit by maximum likelihood with a binomial error distribution and logit link function using R package lme4 (Bates et al., 2013) . Individual ID was treated as a random factor to account for non-independence of individual quolls between sampling periods. The model was fit with site (nondeclining, declining or Cradle Mountain) and quoll age as fixed effects. All quolls of all ages were included in the analysis, with probability by age plotted for each site.
An index of cat activity was calculated for each site by dividing the number of feral cat detections by the number of camera nights for each camera survey. The mean cat detection rate per 100 camera nights across all 3 surveys was then compared using a twotailed t-test to identify any difference in cat activity among sites.
Seroprevalence in cats was compared using a Fisher's exact test to identify if infection rates differed between sites.
Results
No signs of overt toxoplasmosis were observed in any of the 290 quolls captured and examined on 1138 occasions between March 2010 and September 2013.
Seroprevalence
Declining sites had significantly higher seroprevalence (range: 77.3-100.0%) than the non-declining site (range: 9.4-29.4%) in every period throughout the study (P < 0.005 for all periods) (Fig. 2 ). There were no differences among sampling periods. Seroconversion of newly emerged juveniles occurred earlier and more rapidly at declining sites than at the non-declining site (Fig. 3) , being evident by January for both cohorts at the declining sites, but not evident at the non-declining site until July 2012 or May 2013 (2011 and 2012 cohorts respectively). All juveniles were seropositive at the declining sites by May 2012 or July 2013 (2011 and 2012 cohorts respectively) while seroprevalence at the non-declining site was still below 10% almost a year after emergence for both cohorts. There was a significant negative association between seroprevalence and the number of quolls captured two months later at the Cradle Mountain site (adjusted R 2 = 0.393, F 1,10 = 8.128, P = 0.017) (Fig. 4) .
Recapture and survival
The serological status of the 151 quolls captured at the nondeclining site had no effect on the likelihood of recapture (P = 1.000): 61.9% (95% CI: 40.1-83.7%) of seropositive quolls and 60.8% (95% CI: 52.0-69.5%) of seronegative quolls were recaptured in at least one subsequent trapping session. Mean survival time did not differ significantly with serological status (F 1,85 = 2.018, P = 0.159). For first-captures prior to October 2012, seropositive quolls (n = 11) survived 890.5 ± 92.8 (mean ± s.e.) days compared to 758.1 ± 32.8 days for seronegative quolls (n = 76). Mean longevity of the oldest cohort did not differ between serological groups (seropositive: 949.0 ± 149.6 days, seronegative: 953.6 ± 52.4 days; P = 0.972). KM curves indicated a similar survival trajectory for both serological groups (P = 0.261) (Fig. 5) . The mean hazard ratio (or conditional failure rate) comparing seronegative to seropositive quolls of 1.17 indicated no relationship between serological status and survival.
Reproduction
Seropositive females had significantly more pouch-young (6.0 ± 0.0) than seronegative females (4.0 ± 0.4) (F 1,30 = 7.101, P = 0.012). There was no effect of site (F 2,30 = 2.002, P = 0.153) or age of mother (F 1,30 = 0.839, P = 0.367) on number of pouch-young. Body condition did not differ with serological status (F 1,21 = 0.680, P = 0.419) or age of mother at time of PY assessment (F 1,21 = 0.471, P = 0.500), however BCI was significantly higher at the non-declining site than other sites (F 2,21 = 4.517, P = 0.023).
Mean testicular volume (F 1,87 = 9.473, P = 0.003) and body condition (F 1,87 = 9.945, P = 0.002) were both significantly higher in seropositive males. While age had no effect on mean TV (F 1,87 = 0.126, P = 0.723), BCI was significantly higher in older males (F 1,87 = 8.328, P = 0.005).
Exposure variables
Seroprevalence in male quolls (range: 11.1-35.7 %) was higher than in females (range: 0.0-3.7 %) in all periods, however differences were not significant in any period except May 2013 (P = 0.010). The probability of T. gondii infection increased with age, with a significant interaction between age and site (P < 0.001) (Fig. 6) . At any given age, the probability of infection was significantly higher for quolls at the declining sites than either the non-declining site or Cradle Mountain (P = 0.034).
The mean rate of cat detections (per 100 camera nights) of 1.9 ± 0.3 was significantly higher at the declining sites than the 0.1 ± 0.1 detections at the non-declining site (T 4 = 6.457, P = 0.003). One cat was detected at the Cradle Mountain site in the March 2012 camera survey (0.2 detections per 100 camera nights) but no cats were detected in either the July 2012 or January 2013 surveys.
Seroprevalence of feral cats from Bruny Island (non-declining) was 80% (44/55; 95% CI: 68.1-88.9%) compared with 100% (6/6; 95% CI: 67.0-100.0%) of cats captured at the Judbury (declining) site, although differences were not significant (P = 0.577). No cats were captured at either the Cradoc or Cradle Mountain sites. Titres obtained from frozen cats matched titres from fresh samples collected at the time of death prior to freezing, indicating no difference in results due to sample type (fresh or frozen).
Discussion
We found no evidence that T. gondii infection reduces survival or reproduction of eastern quolls. Seroprevalence of T. gondii antibodies was higher at sites with declining quoll populations than in the non-declining population, and there was a negative association between seroprevalence and the number of quolls captured. While this might suggest a causal link between T. gondii infection and quoll declines, our epidemiological studies suggest no such link. High prevalence per se is a poor indicator of the impact of disease on a population (McCallum and Dobson, 1995) . On the one hand, highly virulent diseases remove infected individuals soon after exposure, either through rapid death or predation of symptomatic individuals, leaving only unexposed individuals to be detected and a low observed prevalence (e.g. Obendorf et al., 1996) . On the other hand, if a disease is benign, infected individuals remain to be detected and the observed prevalence of the disease will be relatively high (McCallum, 1994) . This is evidently the case for T. gondii in the eastern quoll.
The nonpathogenicity of T. gondii in eastern quolls is also supported by the absence of clinical signs in any of the quolls captured and examined in this study. Tasmanian Vertical axis shows proportion of quolls tested that were seropositive at titres P 64. Error bars represent 95% confidence intervals calculated using the Jeffreys interval estimation for a small sample size with binomial distribution (Brown et al., 2001). high seroprevalence has been recorded in many marsupial carnivore species, including spotted-tailed quolls (Dasyurus maculatus) (Hollings et al., 2013) , western quolls (Dasyurus geoffroii) (Haigh et al., 1994) and Tasmanian devils (Phillips, 2009; Hollings et al., 2013) , but with no known confirmed cases of clinical toxoplasmosis. Therefore, while the high seroprevalence indicates that the larger marsupial carnivores are highly susceptible to T. gondii infection, they are evidently less likely to succumb to acute disease than other marsupial guilds. The lower pathogenicity of T. gondii in marsupial carnivores than in other marsupial species may be partly related to the route of infection. The primary source of T. gondii in carnivores is probably through the consumption of bradyzoites in tissue cysts of infected prey or carrion. While transmission of bradyzoites is the most infective form of the parasite for the cat as the definitive host (Dubey and Frenkel, 1976) , circumstantial evidence suggests that oocyst-transmitted infections can be more clinically severe in intermediate hosts (Bowie et al., 1997; Hill and Dubey, 2002; Dubey, 2004) . This could partly explain the occurrence of clinical disease in a range of herbivore and insectivore species, including eastern barred bandicoots (Perameles gunnii) (Obendorf et al., 1996) , Tasmanian pademelons (Thylogale billardierii) and Bennett's wallabies (Macropus rufogriseus rufogriseus) (Obendorf and Munday, 1983) , Tammar wallabies (Macropus eugenii) (Reddacliff et al., 1993) , koalas (Phascolarctos cinereus) and wombats (Vombatus ursinus) (Skerratt et al., 1997) , while clinical cases in the larger marsupial carnivores are notably absent. Herbivores ingest oocyst-contaminated vegetation while grazing where cats have defaecated, while bandicoots could acquire the parasite through eating soil-dwelling invertebrates that can transport oocysts mechanically on their bodies (Wallace, 1971 (Wallace, , 1972 Saitoh and Itagaki, 1990) . Eastern quolls consume both invertebrate and vertebrate prey (Blackhall, 1980; Godsell, 1983) , but infection would be less severe if initial T. gondii infection occurred through carnivory, and the subsequent immune response could protect against subsequent exposure to oocysts. Experimental feeding trials could reveal the relative pathogenicity of different parasite sources to the eastern quoll.
The absence of clinical cases in the current study does not prove that clinical cases never occur. If eastern quolls were highly susceptible to acute toxoplasmosis, infected animals could die rapidly before serological or clinical evidence of overt disease could be observed, as occurs in eastern barred bandicoots . In wild populations, rapid predation of infected individuals and scavenging of carcasses would mean illness is rarely detected. In that case, reduced survival of seronegative quolls would be expected, as rapid death or predation would result in loss from the population before seroconversion could be detected. However, we found that seronegative quolls had similar survivorship to seropositive quolls, and the high numbers of seropositive quolls in the population shows that many eastern quolls survive the initial infection. Hence, while individual occurrences may occur, the eastern quoll is unlikely to be highly susceptible to acute disease, and the high seroprevalence indicates a benign infection in this species (McCallum, 1994) .
The similarity in longevity of seronegative and seropositive quolls could in principle be explained by equivalent reduction in survival for both classes. While seropositive quolls survive the initial acute infection, they may then be vulnerable to predation due to risky behaviours associated with latent infection, as observed in seropositive rats (Rattus norvegicus) and mice (Mus musculus) that not only lost their fear of cats, but were attracted to them (Berdoy et al., 2000; Vyas et al., 2007) . The predation of seropositive quolls may cause a reduction in survival of similar magnitude to the sudden death or predation due to acute infection that removes susceptible seronegative quolls. However, the mean longevity of 2.6 years observed in both serological categories is comparable to survival rates measured in Tasmania before the species went into decline (Godsell, 1983) . Accordingly, there is no evidence that a simultaneous pathogen-caused reduction in survival of both seropositive and seronegative quolls could explain the recently observed decline in quoll populations by more than 50% across Tasmania (Fancourt et al., 2013) .
The current strain(s) of T. gondii at the declining sites may be more virulent than those at the non-declining site, or strains historically resident in quoll populations at the same site 20-30 years ago. Molecular epidemiological studies of T. gondii infections have shown significant genetic diversity, particularly in wildlife populations (Wendte et al., 2011; Pan et al., 2012; Dubey et al., 2013) . Strains differ in their virulence and their propensity to form cysts (Carruthers and Suzuki, 2007) , leading to different impacts on individuals or populations (Blader and Saeij, 2009) . The majority of marsupial T. gondii infections are caused by atypical strains, with several novel alleles (Parameswaran et al., 2010 ). We did not undertake molecular identification of T. gondii strains, but our Comparison of the probability of T. gondii infection with quoll age, by site. Non-declining site = Bruny Island, Cradle Mountain = fluctuating site, Declining sites = pooled data from Cradoc and Judbury sites. Circles represent individual observations of seronegative (probability = 0) and seropositive (probability = 1) quolls at a given age, with darker circles indicating a higher number of quolls with the same combination of age and serological status. Curve illustrates the fitted data, with grey shading representing 95% confidence intervals.
evidence highlights that molecular investigations should form an important part of future research into the effects of T. gondii infections in marsupials.
Another possibility is that the observed decline in eastern quolls may have resulted from recrudescence of latent T. gondii infection with environmental stressors throughout that period. The physiological effects of stress due to factors such as poor nutrition, increased predation risk and competition for food and resources, co-infection with other pathogens or the effects of habitat loss, may contribute to an increased host susceptibility and severity of infection (McCallum and Dobson, 1995; Davey et al., 2006; Pedersen and Greives, 2008) . Such stressors could lead to immunosuppression of eastern quolls, thereby allowing any latent disease to recrudesce into overt clinical disease, as occurs in immunocompromised humans, including AIDS patients (Luft et al., 1984) and organ transplant recipients (Wendum et al., 2002) . If this were occurring in quoll populations, for example in response to the millennium drought (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (Tasmanian Planning Commission, 2009) , it would be evident in a reduced survival time for quolls with latent infection during this period, but not when the drought broke (2010) (2011) (2012) (2013) . However, given mean survival time for seropositive quolls was equivalent to uninfected quolls, and quoll populations have continued to decline in the post-drought period (B. Fancourt, unpublished data), this scenario is unlikely.
Notwithstanding the apparent inability for T. gondii to affect eastern quoll survival, such a highly prevalent infection can often have the greatest impact on a host population through reduced fecundity (McCallum, 1994) . However, the mean number of pouch young produced by seropositive mothers was 50% higher than by uninfected mothers. While we were unable to assess the relative fitness of these pouch young, we found no evidence that T. gondii negatively affected the number of offspring produced. All the seropositive mothers captured in July came from the declining sites, so the higher reproductive output may be a function of reduced population densities and reduced competition for resources at these sites, with more nutrition available for investment in offspring. However, female body condition was actually lower at the declining sites, suggesting that the number of offspring was not driven by more favourable resource levels. Alternatively, seropositive mothers might give birth to more sons, as observed in mice (Kaň ková et al., 2007a) and humans (Kaň ková et al., 2007b) . Such mechanisms would result in a loss of reproductive capacity as fewer females are born over successive generations. However, we were not able to test this hypothesis due to the low number of seropositive mothers captured in July and the inability to sex pouch young at this immature stage of development. No evidence was found for T. gondii infection having adverse effects on male reproduction, with mean testicular volume and body condition of seropositive males both higher than those of seronegative males. Better body condition and increased testicular volume in infected males may allow them to out-compete their uninfected cohorts for mates, however, the evolutionary mechanisms driving such differences are currently not understood and warrant further investigation.
While the combined weight of evidence suggests that T. gondii infection is not contributing to population declines in the eastern quoll, the highly significant difference in seroprevalence between the declining sites and the non-declining site cannot be ignored. Higher seroprevalence indicates higher levels of T. gondii contamination in the environment at the declining sites. Under cool, moist environmental conditions, oocysts are known to be infective for at least 18 months (Yilmaz and Hopkins, 1972; Frenkel et al., 1975) . However, the similar climatic conditions at both the declining and non-declining sites suggest similar oocyst persistence in the environment at these sites. A lower number of oocysts at the non-declining site, therefore, would suggest either a lower prevalence of T. gondii in cats, or lower cat activity.
The high seroprevalence detected in cats across Bruny Island indicates that T. gondii oocysts would be prevalent in environments occupied by those cats. Therefore, the low observed prevalence in eastern quolls suggests low cat activity locally at the study site. Camera surveys confirmed that cat activity at the Bruny Island site was lower than at the declining sites. The occurrence and continued prevalence of T. gondii is usually dependent on the presence of cats, and prevalence is generally higher where cats are present than where they are absent (Wallace, 1969; Frenkel, 1974; Wallace, 1976) , even though transmission of cysts between intermediate hosts is possible (Tenter et al., 2000) . The higher exposure to feral cats at the declining sites that is indicated by high prevalence of T. gondii infection suggests that feral cats may be contributing to suppression of quoll populations at these sites, through non-T. gondii related mechanisms such as predation, competition or exclusion. Future experimental manipulation of cat and quoll populations could enable evaluation of the relative impact that each of these mechanisms may have on eastern quoll populations.
Conclusions
While individual clinical cases or deaths cannot be completely ruled out, the absence of any signs of clinical toxoplasmosis in either live or dead quolls is noteworthy. When combined with the high number of seropositive individuals persisting in the population and in the absence of adverse effects on either survival or fecundity, the weight of evidence from the current study suggests that T. gondii infection is nonpathogenic in eastern quolls. While further research into the relative pathogenicity of different transmission modes and T. gondii strains is required, the eastern quoll could be considered a sentinel species for the threat of toxoplasmosis in susceptible wildlife, livestock and humans. Further research investigating the impact of feral cats on eastern quoll populations through mechanisms such as predation, competition and exclusion is needed.
